The Future of Heterodyne Detection in Space

Heterodyne detection — used forA=1cm to 100 um
— limited by quantum noise, Tn ~ hv/k
— no spectral resolution limit

Direct Detection — limited by background noise
— difficult to achieve full sensitivity and high resolution
simultaneously

Direct detection preferable for low resolution -
} crossover ~ R = 1,000 - 10,000
Heterodyne detection preferable for high resolution —

General point — High spatial resolution demands high spectral resolution (narrow lines)



J, 2 CALTECH Coherent Detection
Submm/Far-IR concepts, March 2002

Role in a Future Large-Aperture Mission

o Significantly expands scientific capability
= Attracts broader community

o Effective follow-on to Herschel
= 4-10x improvement in receiver sensitivity

= 5x larger aperture (8m vs. 3.5m)
= Wider bandwidth (3x ?7)

0
0

o Better angular resolution !
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Figure 1.2 Submillimeter spectrum of a cloud from Phillips and Keene (1992).
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Submm/far-IR spectroscopy

Interstellar chemistry
= ground-state lines of interstellar hydrides
» HD, H,D*
* H,0, H,"0, HDO, H,0*, OH
» CH, CH,, CH*
= HCI, HF
Warm molecular gas: hot cores, shocks, and PDRs
* high-J CO lines
s fine-structure lines of N*, C*, C, O

R ~ 106
» Solar system
» Evolved stars
= Star formation, disks

R~10*-10°

= Nearby galaxies

R~ 10%-10%
» Redshifts for submm galaxies
* Diagnostics for high-z galaxies
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TABLE 5.1
SIGNIFICANT FLUX CONTRIBUTIONS BY SPECIES FOR ORION-KL

Species ¢ Niines S Tuep dv Relative Contribution
(K MHz) (% of Total Line Flux)
SO,t 71 10396.8 282
SO, 37 9623.1 26.1
cot 4 5392.6 14.6
co 1 4884.7 133
Sot 14 4813.7 13.1
SO 6 39205 10.6
CH;0H! 106 4196.5 11.4
CH3;0H 75 4029.9 109
HCNt 4 2492.8 6.8
HCN 1 1578.9 43
HCOOCH,; 211 1446.5 3.9
SiOt 3 911.4 25
CH,;CNt 35 898.5 2.4
HCO*! 3 712 2.1
cst 3 535.7 1.5
CH;3;0CH; 82 406.9 1.1
U-lines 184 16252 44

Values for species marked with a ' also include the contributions of all transitions detected
from isotopomers and vibrationally excited states. In some cases eatries are made separately
for the main species and for all of the variants together, e.g., SO2! and SO, are both shown.
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For SgrB2(M), 128 resolved features were detected, with only a few lines being unidentified.



Summaxy or Love Survey FLUX ResULTs

Taste 5.13

Frequency Coversge  Lime Towl Comxibution  Emissivity

Source Range Achieved* PFix' PFlux® of Lise Flux Index

(GHz) (%) Jy) y) (%) g
Orion-KL 325-360 100 4] 17 50 20/
Orion-S 330-360 6 57 74 8 207
IRAS 16293-2422 330-360 50 09 17 5 107
IRC +10216 330-353 100 46 704 65 141
VY CMa 330-360 30 06 22 n 10-15/
OH 231.8+4.2 330-360 30 05 22 3 10-157

® Fraction of the stated frequency range which was included in the observations.

¥ Values shown are the lower lLimits for the line flux (see the individual source discussions for details).
¢ Except as noted, the total fiux values are taken from Sandell (1994).
¢ Estimated values for J afier line flux corrections are mad.

* Total flux values for Orion-KL and Oricn-S are cbtained from our observations.

! Based on data from Mezger et al. (1990).

¢ Based on data from Sandell (1994) and Mundy ez al. (1992).

M Estimate based on our derived line flux and narrowband measurement of Sandell ciled by Avery er al. (1992).

i Based on data from Sandell er al (1994) and Sopka ef al. (1985).

# Uncertain because of large spread in possible line flux correction; based on data from Sandell ef al. (1994) Knapp

et al. (1993).

.



Ta (K)

T, (K)

0.5

15

10

2¢1 & CI

2¢ and ¢ (3P2 - 3P,) near the Orion Bar
Observed with the CSO 850 GHz receiver

12C

I I I I ¥ I LI

L Tgt

§

'Ill_l_l'll

13
(F=5/2 < 3/2)

s
——

Ili'l]li‘l]lllll

;{

lllllllllllll_l_lll

v

L1 r Il et Srteld Marfiy

809300

809400 809500 809600
Rest Frequency (MHz)

J. Keene et al. — 2 Feb 1997



-u- HCe (-0) ~ Onc-t

& fﬂoi;‘on I""
Oecon K¢

P e
e

¢ ‘wigo\'.h ‘Piu
Ridye clovd.

Tus (K)

“20. A .0. ..zo. . .w
i (km/s)

Fig. 1.— Spectra of HCI(1-0) toward three representative positio=s. The offsets refer W
Qigso = 5h 32™ 46°7, O1080 = —&° 24'24".



Flux (arbitrary units)

1.1

-y

O
©

-t
o

HF J=2-1 at
T T T T ¥ I

ISO/LWS T,, = 2549 s

2463.4 GHz toward Sgr B2
T T ¥ T | ¥ T LI | ¥

.\ﬂ

I 1 1 1 I ] ]

FIRST/HIFI T, = 100 s

1 I 1 1 ] I ] _— ]

—100 0

LSR velocity (km s!)

100




Coherent Detection
Submm/Far-IR concepts, March 2002

Even the CII 157 um line !
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*SWAS Observations in Orion
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Fig. 2.  Solid line: detection of the 626 GHz HC] line in
abeorption toward Sgr B2. Dashed line: spectrum predicted
by our radiative transfer model for a fractional abundance of
HCI/H; = 1.1 x 10~*.
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Fig. 3. The 547 GHz H;'®0 transition detected in absorption
in Sgr B2. The dashed line is the prediction of a simple model
consisting of a background continuum source (T} % 0.7 K) and a
foreground cloud with two velocity components. The minimum
H3'*0 column density capable of producing this absorption is
about 1.1 x 10 cm™2.

f



amtl;;c e Jﬂ-(

18

- dula
weee X = LIE=9

60
Velocity (km/s)

Fig. 2.  Solid line: detection of the 626 GHz HCI line in
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by our radistive transfer model for a fractional abundance of
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Fig. 3. The 547 GHz H3'®0 transition detected in absorption
in Sgr B2. The dashed line is the prediction of a simple model
consisting of a background continuum source (T} = 0.7 K) and a
foreground cloud with two velocity components. The minimum
H;'*0 column density capable of producing this abeorption is
about 1.1 x 10¢ cm~3.
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(Ashby et al., 2000; S




H,'®0 Spectra Toward Four Galactic Star Forming
Regions (T, ~ 0.2-0.3 K for these sources)



atmosphere. The primary coamitusmiz are Oy (2U.946% by volume), Na (78.084% by volume) and
A(argon ~ 0.934% by volume). These cORR..ums are well minsd up 10 a heigin of abow 20 ke, where
the dissociation of molecular oXygen t0 siOmic oxygen begins. Waser vapor sad osoue are added 10 the
model aunospbere with distritxxions which vary with altitude. The maximxun osone density peaks near
25 ian altitude with a value of abowt S x 10'%cm=?. Waer vapor exhidis m exponemial decrease with
altitude, with a scale height of 2 km, up to the level of te tropopsuse, sbove which the mixing ratio
prcfile is usuaily taken t0 be constant.

Figure I1.1 shows a calculstion of the atmospheric transmission from an altitude of 12 km - typical
of the KAO - for the entire frequency range of the Explorer. The calculsion assumes a precipitable
atmospheric water content of 10 um. The number and strength of the absorption features is seen 0
increase with frequency. The extremely wide lines are due to water, the deep narrower lines are due
to oxygen and the smaller sharp features are due in the main 10 ozone. From the altitude of 12 km it
is not possible 10 make studies of the critical imerstellar molecules H20 and Oz nor can we carry out
spectroscopic surveys, galaxy line searches or sensitive continuum studies.

ol — e | Hioed
' H‘ l‘a
dibeLios,

7 [ ] ] 3 1 ’ L] 1 1 1 4 5
AOTATIONAL ANGULAR MOMENTUM, J

Figure 11.2. — The ground rotational energy level diagram for H,0.

B. H,0 and O, SPECTRA

Figures II-2 and II-3 indicate the submillimet:1 wavelength spectral features of the atmospherically
blocked molecules, water vapor and oxygen. Together these molecules are predicted to contain the bulk
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Figure 1. Spectra of NH; at 461, 462 and 469 GHz towards SgrB2(M) (1op; aigso = 1744™10%6,
d19s0 = —28°22'05") and SgrB2(N) (bottom; ajgso = 17°44™10%6, 81950 = —28°21/20”). The dashed lines
are the hyperfine fits to the NH; lines. In the 461 GHz spectra, some CO 4-3 absorption features in spiral
am clouds are scen as well. NH; absorption at V; sz=10 km s~ is indicated in the 462 GHz spectrum
towards SgrB2(N).

al. (1990) shows that the features seen in NH; basically trace the dust continuum, suggesting that there is
no major variation of the NH; abundance over the map range. NH thus seems to be a fairly widespread
molecule which happens to be only casily observable in absorption towards strong continuum sources, for
reasons of excitation.
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Submillimeter HCN Laser in IRC10216
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Figure IV7. (Top) '2CO 2 - 1 spectra near the edge of a quicscent molecular cloud in Ursa Major. Note the
diversity of the obscrved line shapes on the scale of ~ 0.02 pc. The spectra are ofien asymmetric, show broad
wings and multiple velocity components. (Bottom) Simulated spectra based on the turbulent velocity field from
the simulation of Porter ef al. (1992). Note the close similasity of the model line shapes (o those of the observed
molecular spectra. These model specira have been generated by us under the assumption of optically thin emission.
Spike features are likely 1o be suppressed by opacity effects,
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Figure 1.3 ISO spectra from Fischer et al. 1999.

Far Infrared Spectra of IR Bright Galaxies
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Fig. 2. High-resolution spectra of HCOY 1-0, 12CO 3-2,2-1 and 1~
0, 133CO 1-0 and C1*0 1-0 toward the nucleus of Centaurus A. The
spectra have been shifted in T3 by +1.05, +0.4, +0.25, 0.0, -0.05 K
and -0.20 K, and have velocity resolutions of 0.29, 0.9, 0.23, 0.23,
0.23 and 0.23 km s—!, respectively. Note the numerous absorption
components in the HCO*' spectrum at red-shifted velocities.
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Fig. 1. 12CO 1-0, 2-1 and 3-2 spectra toward the nucleus of Cen-
taurus A, smoothed to 2.8, 0.9 and 0.9 km s™?! resolution. The 2-1
and 3-2 spectra have been shifted in T] by +0.25 and +0.45 K
respectively.
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Predicted Spectra of Glycine

THZ Spectra of Glycine Conformers
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Lowest Bending Modes of Linear Carbon Clusters
and HIF| Recelver Bands

C, - €, center frequencies from ab initio calculations. C

Rotational constants from [R-data.

HIFI Bands
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Observations of THz lines in Extra Solar Planetary Atmospheres

E.g. H;O (111-000) at ~ 1 THz
¢ One 10 m telescope, beam=1.2 M~ 7"

Planet at 1 pc, dia = 10™*" (Earthlike)
- ~ 107" (Jupiterlike)

Beam dilution (B) = 2 x 10" (Earth)
~ 2 x 10 (Jupiter)

Suppose — H,O feature 100 K (T5)
- TRx =hvk=50K
— Resolution = (30 MHz)

— Integration time = 1 yr

S/N » % [3x10'x3x107]"2 xB = 10?(Earth)
=~ 1 (Jupiter)
e Interferometer (ALMA in Space)
60x 10m S/N = 0.6 (Earth)

S/N ~ 60 (Jupiter)
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above (line ratios of ~ 1 and ~ 0.25).
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Fig. 6.— HCN (top), HCO*(middle) and NoH* (bottom) observations at the position of
peak intensity of (clockwise starting from top left): OMC1, OMC2-FIR4, OMC3-MMS6 and
DR210H. The bump at ~ 30 km/s in the middle spectrum of OMCI is a contamination
from other species (SO;, *CH4CN, ...).
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Comparison of Heterodyne and Direct Detection Interferometers

e Same spectral resolution considerations as for single dish, but now spatial
resolution much higher, so high spectral resolution even more important (for
lines).

e Direct interferometer limited in number of telescopes (N) due to beamsplitting
(N-1) which divides down the signal.

e Heterodyne detection interferometer — no limit to number of telescopes (except
for $).



